Extent, time course, and underlying mechanisms of the negative inotropic effect of ryanodine were examined in 22 length-clamped ferret right ventricular papillary muscles paced 12/min at 25° C. After 60 minutes of exposure to 5 fiM ryanodine a new steady state was attained with developed forces averaging 10-15% of maximum twitch force. Ryanodine does not pharmacologically excise the sarcoplasmlc reticulum (SR) in this preparation. Ryanodine does not appreciably inhibit the ability of the SR to take up Ca 2+ as evidenced by the potentiated beats obtained after a short pause that are nearly as large after ryanodine as before. On comparing equipotent beats before and after ryanodine, we found that ryanodine actually increases the rate at which Ca 2+ is released during the twitch if the SR Ca 2+ stores are equal or similar. The evidence for this conclusion is a larger maximum rate of tension rise and briefer time to peak tension after ryanodine. Since ryanodine increases the time that SR Ca 2+ release channels are open and decreases their conductivity, it must follow that the former effect predominates over the latter in our experiments. Ryanodine increases the leakiness of the SR during diastole probably by inhibiting closure of SR Ca 2+ release channels. The evidence for this conclusion is as follows: the early peak of the restitution curves after ryanodine, the brevity of the time required for a rested state contraction after ryanodine, and the small amplitude of the steady-state contraction at a rate of 12/min. The SR leaks even in the absence of ryanodine, but if external Ca 2+ is so high that Ca 1+ loss from the cell is slowed or a Ca 2+ leak into the cell through the sarcolcmma cancels the SR leak, then the effects of the SR leak are minimized. The evidence for this conclusion is the time required for rested-state contraction to occur or the slope of the descending limb of restitution curve; however, in presence of ryanodine even high external Ca 2+ cannot prevent rapid depletion of SR Ca 2+ stores. Even though we have presented evidence for a mechanism whereby ryanodine increases the number of open SR Ca release channels in both systole and diastole, we do not mean to imply that most of them stay open in diastole; the SR would leak too fast to accumulate any Ca for the potentiated beat. Thus, probably most channels close after being open a certain length of time, even in the presence of ryanodine. (Circulation Research 1989;65:1270-1282) R yanodine is a neutral plant alkaloid 1 that is widely used in the study of excitationcontraction coupling. It is a potent inhibitor of contractile force in cardiac muscle, 1 -5 whereas in vertebrate skeletal muscle it produces irreversible contracture. 1 The consensus is that in striated muscle the drug's major site of action is the sarcoplasmic reticulum (SR). 6 -19 There are conflicting
reports about how ryanodine exerts its negative inotropic action in cardiac muscle. It has been argued that ryanodine reduces the release of Ca 2+ from the SR. 6 -11 This interpretation is largely based on the demonstration that ryanodine can enhance Ca 2 + accumulation in isolated cardiac SR vesicles 20 -22 as well as increase the SR calcium content of mechanically skinned cardiac fibers 23 while concomitantly inhibiting Ca z+ -induced Ca 2+ release and caffeine-induced Ca 2+ release from both SR preparations. 23 In other studies using extracellular Ca 2+ ([Ca 2+ ] 0 ) electrodes, 14 -24 [Ca 2+ ]o-sensitive dyes, 25 or measurements of radioactive Ca 2+ efflux, 26 it was found that ryanodine increased Ca 2+ efflux from cells. These findings together with other studies concerned with estimates of SR Ca 2+ content 15 led to the suggestion that ryanodine could cause an important enough leak in the SR membrane to rapidly deplete the SR Ca 2+ stores. 15 -17 Recently, it has been shown that ryanodine can markedly alter the function of isolated vesicles of cardiac and skeletal SR by specifically binding to the Ca 2+ release channel. 8.10,12,13,16,18,19,27 At least two distinctive effects result from this interaction. First, the SR Ca 2+ release channels undergo a transition from a normal to a subconducting state. 13 Second, ryanodine modifies the gating behavior of these channels so that their probability of being open is almost one. 13 Because ryanodine has little or no direct effects on other important steps of excitation-contraction coupling such as the pCa-force curve 23 and the sarcolemmal Na + and Ca + influx and efflux 6 -17 and because ryanodine has often been used as a tool to specifically inhibit SR Ca 2+ release, 11 we decided to reexamine in an intact length-clamped papillary muscle the net mechanical consequences of these many opposing effects of ryanodine.
Materials and Methods

General Methodology
Right ventricular papillary muscles (crosssectional area <0.5 mm 2 ) were isolated from the heart of 12-18-week-old ferrets anesthetized with sodium pentobarbital (30 mg/kg i.p.). The entire heart was first rapidly removed and placed in a beaker containing Krebs-Ringer's bicarbonate solution that was being bubbled at 25° C with a 95% O 2 -5% CO 2 gas mixture. The bathing solution contained (mM) Na + 145, K + 4.2, Ca 2+ 1.25, Mg 2 * 1.20, C r 125, SO 4 2 " 1.20, H 2 PCV 2.40, HCO 3 " 25, and glucose 5.6. All muscles were mounted in the myograph; the same continuously oxygenated and stirred solution as described above was used. After equilibration, the solution had an oxygen tension (P02) of 550 mm Hg or more and a pH of 7.40±0.02.
After insertion of the stainless steel pins for the measurements of the central segment (see below), the superfusate was changed to one containing HEPES. This superfusate contained (mM) Na + 145, K + 4.2, Ca 2+ 1.25, Mg 2+ 1.20, CT 130, HEPES 20, SO* 2 " 1.20, and glucose 5.6 and was equilibrated with 100% O 2 .
Each preparation was quiescent unless stimulated. Field stimulation at a rate of 12 times/min was delivered by square-wave pulses to platinum plate electrodes from a constant-current stimulator that is under continuous computer control. Stimulus duration was 5 msec, and the currents selected were 10% above threshold. All studies were conducted at 25° C. The temperature was maintained constant (±0.1° C) through a feedback-controlled Peltier junction.
Myograph
We used a myograph that permits evaluation of contractile performance in a segment (called central segment for convenience) of muscle that is free from damage. 28 Details concerning the myograph have been published previously. 28 Briefly, the muscle is attached and mounted horizontally between a force transducer and a linear motor by small aluminum tubes crimped onto each end. The central segment of the muscle is marked with two small (100 fim diameter) stainless steel pins stuck through the tissue. The distance between these two pins represents the length of the central segment of the muscle. The central segment length is the average signal that was optically measured by photosensor arrays positioned above and below the muscle. This average signal is in a continuous feedback loop with the linear motor to keep the distance between the pins constant throughout the cardiac cycle. Force, muscle length, and segment length are monitored by a computer that continuously samples and stores 250 times/sec. The experimental data are transmitted to a DEC-LSI-11 computer and stored on a hard disk. After analysis the data are transferred to diskettes for future reference. Before analysis, the recorded wave forms are passed through a 21-point digital low-pass filter with a flat frequency response curve up to 20 F£z. The filter has a negligible effect on the primary signals, but it substantially reduces the amplitude of high frequency noise on the time derivatives. The filter does not induce a phase shift or time delay in the signals. All graphic recordings are made on a digital X-Y recorder using the filtered data.
The insertion of the stainless steel pins does not affect the performance of the muscle. 28 Rotation of the pins relative to the long axis of the muscle is minimized by avoidance of twisting the muscle about its long axis as it is mounted. Small rotations of less than 10° would generate an error in the segment length signal of less than 1.5%. 29 In the few muscles with larger angles of rotation as estimated visually, the pins are repositioned. Cross-sectional area was calculated as total muscle weight divided by the overall muscle length at maximum centralsegment length (SLn^; the segment length of the muscle where developed force was maximum). Forces are expressed in grams per square millimeter. Muscle length is calculated in units of percent of S L^. All lengths refer to the length of the central segment rather than the whole muscle.
Pharmacological Interventions
To avoid the confounding effects of field stimulation-induced releases of catecholamines and acetylcholine, each preparation was exposed to 1 pg/ml atropine sulfate and 1 ^ig/ml propranolol hydrochloride for the entire duration of the experiment. This level of muscarinic blockade completely eliminates the direct negative inotropic action of 10 Mg/ml acetylcholine, 29 whereas the j3-blockade achieved with this amount of propranolol causes a more than 95% reduction of the maximal positive inotropic effect evoked by 0.32 ng/ml isoproterenol. 29 Ryan- 
F( %) 12±3
Values are mean±l SD. F mtI , maximum twitch force evoked with the rapid pace-pause maneuver; SST, steady-state twitch forces during control and 60 and 120 minutes after exposure to ryanodine. odine (lot 86-2049-1, Penick, Lyndhurst, New Jersey) was diluted from a 1 mM aqueous stock solution.
Rapid Pace-Pause Maneuver and Restitution Curves
In the present experiments, we have used a modification of postextrasystolic potentiation to evoke maximal twitch tension, an equivalent of maximal calcium-activated force (F^). 2 9 The rapid pace-pause (RPP) maneuver consists of 10 rapidly applied stimuli (5-msec stimulus, 8-10 Hz) beginning at half relaxation time of the control steadystate beat and followed by a pause. The beat that interrupts the pause is the potentiated contraction (for examples see Figures 4 and 5) . When the [Ca 2+ ] o is elevated to 5.0 mM and the pause duration is 5-10 seconds, the potentiated contraction is consistently equal to F^ (see Figures 3 and 7) . Thus, the RPP maneuver is a standardized test of postextrasystolic potentiation designed to achieve Fnum-F ,^ can only be achieved 1) if the brief episode of rapid pacing causes enough transsarcolemmal Ca 2+ entry to allow optimal SR calcium loading, 2) if restitution as defined below is complete, and 3) if a central segment of the muscle is length-controlled throughout the contraction to prevent the instantaneous inactivation of the myofibers that otherwise invariably accompanies the internal shortening that occurs at the expense of the damaged ends. 28 -29 Restitution of contraction in the heart is the property of the cardiac muscle to gradually recover its capacity to contract again after a stimulus. 30 -35 In the present study, restitution characterizes the relation between the duration of the pause that follows the brief episode of pacing and the amplitude of the potentiation measured in the first beat interrupting the pause. 29 With the gradual prolongation of the pause interval of the RPP maneuver, the amplitude of the potentiated contraction progressively increases until the duration of the pause is long enough to evoke maximum twitch tension ( Figure 7 ). Restitution of force up to F^ was determined in each experiment. As noted previously, 29 we can confirm (see below) that F^ cannot be obtained in our preparation when the [Ca 2+ ] 0 is 1.25 mM (Figure 7 ). At 5.0 mM [Ca 2+ ] 0 , however, F ,^ was consistently evoked (Figure 7) , and elevation of [Ca 2+ ]o to 10.0 mM was found (see below and Figure   7 ) to have no further noticeable effect on the amplitude of Fn^.
Statistics
The results are expressed as mean±l SD (section P1D, Biomedical Data Package). Paired t test (section P3D) was used for computing p values. 36 
Results
Effect of Ryanodine on Steady-State Twitches
In 11 muscles bathed in a milieu containing 5 mM [Ca 2+ ] o and length-clamped at 0.98 SL,^, the average control steady-state force at the pacing rate of 12 stimuli/min was 6.82±1.86 g/mm 2 ( Table 1) . As shown recently, it is possible to evoke maximal twitch tension (an equivalent of F^) at 5 mM [Ca 2+ ] 0 with a brief episode of rapid pacing followed by a 6-second pause (RPP maneuver). 29 The maximum twitch tension elicited with this modified postextrasystolic potentiation averaged 12.10±1.91 g/ mm 2 . After 60 minutes of exposure to 5 juM ryanodine, the average steady-state force had decreased to 1.72±0.77 g/mm 2 , which amounts to a mere 14% of F ,^ (p<0.0001) ( Table 1 ). Exposure to ryanodine for 120 minutes caused little further depression since by that time the average force was 1.43±0.53 g/mm 2 or 12% of F^ (Table 1 ). There was no significant difference (p=0.068) between the steady-state forces recorded 60 and 120 minutes after exposure to ryanodine.
In addition to the profound decrease in force, ryanodine significantly prolonged the latency time and the time to peak tension ( Figure 1 ). Control latency time and time to peak force averaged 40±5 and 366±30 msec, respectively. After 60 minutes of ryanodine, the latency time increased to 99±17 msec (p<0.0001), and the time to peak force increased to 441±60 msec (/><0.001). Two hours after ryanodine, the latency time was 110±12 msec, and the time to peak force was 516±80 msec. Both of these time measurements were significantly longer (p<0.01) than those observed 60 minutes after exposure to ryanodine.
In three of these 11 muscles, no further detectable changes in either force or time parameters were observed when the ryanodine concentration was increased from 5 to 10 fiM some 2 hours after onset of exposure to ryanodine. 
Effect of Increasing [Ca 2+ ] o on Steady-State Twitch Tension After Ryanodine
The effect of changing [Ca 2+ ] 0 was examined in five muscles that had a steady-state force of 1.15±0.48 g/mm 2 2 hours after exposure to 5 yM ryanodine. Raising the [Ca 2+ ] o from 5 to 10 mM caused only a minor force increase to 1.46±0.76 g/mm 2 . This increase was not significant (p<0.06). Further increments to a level as high as 20 mM [Ca 2+ ] o increased the steady-state twitch forces to 1.63±0.70 g/mm 2 ( Figure 2 ). Compared with the average control force of 1.15+0.48 g/mm 2 , this increment was significant (/?<0.01). When expressed as a percent of F^ (which in these five muscles averaged 11.57± 1.72 g/mm 2 ), the steady-state twitch forces at 5 mM [Ca 2+ ] o amounted to 9.9% of F mK 2 hours after ryanodine and increased to 12.6% and 14.1% when [Ca 2+ ] 0 was raised to 10 and 20 mM, respectively ( Figure 2) .
Concomitant with the increase in force, increments in [Ca 2+ ] o from 5 to 20 mM brought about an abbreviation of latency time from 110±9 to 89±12 msec (p<0.02) and of time to peak force from 536±55 to 464±56 msec (/?<0.001), respectively ( Figure 2 ).
Comparison Between Rested-State Contractions and Steady-State Twitches After Ryanodine
In isolated mammalian ventricular muscle, changing the rate of pacing causes a change in force development. Eventually, with a large enough reduction in heart rate, there is a decline in developed 600 1200 Ttani in n u t
FIGURE 2. Graph showing effect of changes in extracellular Ca 2+ concentration ([Ca 2+ ]J on a papillary muscle pretreated with ryanodine. At 12 beatslmin, elevation of [Ca 2+ ] o to 10 or even 20 mM causes only small increases in twitch force. Note the abbreviation of time to maximum tension (TMXT) and latency time (TLAT) with increases in [Ca
force until a level is achieved at which the force will not be influenced by further lengthening of the stimulus interval. This condition is referred to as restedstate contraction, and it indicates that the amplitude of the twitch is now independent of the preceding interstimulus duration or pause interval. 31 ' 37 -39 Table 2 is a summary of the data obtained in 11 muscles not used in the ryanodine experiments. Each of these studies was performed at 0.98 S Lâ nd in the presence of 5 mM [Ca 2+ ] 0 . The minimum pause or rest interval required to achieve the respective rested-state contractions varied between 10 and 20 minutes. As shown in Table 2 , the amplitude of the rested-state contraction averaged but 5% of the maximum RPP-induced twitch. Furthermore, these contractions rise very slowly ( Figure 3 ). The average duration of latency time and the time to peak rested-state force were 116±15 msec and 491 ±69 msec, respectively. When compared with the average latency time and time to peak of the RPP- induced potentiated contraction (latency time, 45 ±7 msec; time to peak, 305 ±19 msec in these 11 muscles), there is a 40% and 60% slowing, respectively, of the rested-state contraction (Figure 3 ). Rested-state contractions were also determined in six of the 11 muscles that had been exposed to ryanodine for 2 hours. Table 3 summarizes these results. It shows that the amplitude of the restedstate contractions after ryanodine are indistinguishable from those observed in the absence of ryanodine. However, it also reveals that when ryanodine has achieved its maximum negative inotropic effect, there is still a rested-state contraction that is considerably weaker than the depressed steady-state twitch recorded after ryanodine. Figure 4 is a characteristic example of an RPP maneuver using a 6-second pause interval performed before and after 60 minutes of exposure to 5 fiM ryanodine. Before ryanodine and at 5 mM [Ca 2+ ] o , the control steady-state of this muscle was 9.16 g/mm 2 , and its maximum twitch tension was 12.72 g/mm 2 . After ryanodine, the control steadystate force decreased to 1.99 g/mm 2 , and the RPP maneuver evoked no potentiation. A different response, however, was observed when the same experiment was repeated with a pause duration of 2 instead of 6 seconds ( Figure 5 ). Before ryanodine, the largest potentiation that could be achieved with an RPP using a 2-second pause was slightly smaller (12.17 g/mm 2 in Figure 5 vs. 12.72 g/mm 2 in Figure  4 ) than when the duration of the RPP pause was selected to last 6 seconds. After ryanodine, the RPP maneuver using a 2-second pause evoked a remarkable potentiation (9.12 g/mm 2 in the example of Figure 5 ) whereas the same maneuver with a 6second pause was practically devoid of any potentiation ( Figure 4 ). Taken together, these observations indicate that ryanodine can abolish twitch potentiation in our preparation if the rest interval is 6 seconds or more.
Effect of Ryanodine on the Potentiated Contractions Evoked With RPP Maneuvers
It is of interest that after ryanodine the time to peak tension of maximally potentiated beats was much briefer than the time to peak force of equipotent beats recorded in the same muscles before ryanodine. A characteristic example of such an abbreviation of time to peak tension with its concurrent increase in maximum rate of tension rise (MRTR) is illustrated in Figure 6 . Panel A shows two steady-state control twitches obtained before (6.55 g/mm 2 ) and after ryanodine (1.29 g/mm 2 ). The MRTR of these two beats is 33 and 3 g/sec/mm 2 , respectively. In panel B, the beat labeled PC R is the maximally potentiated contraction (7.06 g/mm 2 ) evoked after ryanodine with an RPP maneuver using a 2-second pause. The beat labeled 2 is an equipotent beat (6.99 g/mm 2 ) obtained before ryanodine during the decay of a standard postextrasystolic potentiation. The time to peak tension is 360 msec in beat 2 and 308 msec in PC R with corresponding MRTRs of 35 and 44 g/sec/mm 2 . In seven muscles in which equipotent beats were obtained before (7.39±1.27 g/mm 2 ) and after (7.45±1.27 g/ mm 2 ) ryanodine, the time to peak tension was significantly (p<0.001) longer before than after ryanodine (370±28 msec vs. 324±23 msec, respectively). In these same muscles the MRTR was significantly (/xO.001) larger after ryanodine than before ryanodine (48±12 g/sec/mm vs. 37±8 g/ sec/mm 2 , respectively). These observations demonstrate that when comparing equipotent beats, ryanodine can be shown not to inhibit but rather to enhance this measure of contractile performance.
Effect of Ryanodine on the Restitution Curve Derived From Potentiated Contractions Evoked With RPP Maneuvers Using Variable Pause Durations
Restitution curves. To determine the optimum conditions required to elicit F ,^ we examined the effects of changes in duration of the RPP pause together with changes in [Ca 2+ ] o . The duration of the pause was varied between 0.8 and 60 seconds, and the [Ca 2+ ] o examined was 1.25, 5.0, and 10.0 mM. Figure 7 is a characteristic example of such an experiment. The relation between the force of the beat that terminates the pause and the duration of the pause is defined by a curve, hereafter referred to as restitution curve, which characterizes the mechanisms responsible for SR Ca 2+ release. In this example, the steady-state control force was 3.52 g/mnr at 1.25 mM [Ca 2+ ] 0 . The force generated by the RPP with an 0.8-second pause was 9.51 g/mm . Steady prolongation of the RPP rest period up to 6 seconds was associated with a progressive increase in the potentiated forces that eventually peaked at 11.70 g/mm 2 . With further lengthening of the pause, there was a steady decline in the potentiated forces, which diminished to 8.82 g/mm 2 when the duration of the RPP pause was selected at 60 seconds. Although the restitution curve at 5.0 mM [Ca 2+ ] o was similar to that obtained at 1.25 mM [Ca 2+ ] o , there were some remarkable differences. First, each force at each pause interval was higher at 5.0 than at 1.25 mM [Ca^+] o . Second, the peak force of 13.05 g/mm 2 was achieved with a longer time delay, that is, with a pause duration of 10 instead of the 6 seconds required at 1.25 mM [Ca 2+ ] 0 . Third, the decline in potentiated force that accompanied pause durations in excess of 10 seconds was slower at 5.0 than at 1.25 mM JCa 2+ ] o .
Raising the [Ca 2+ ] 0 to 10 mM did not cause further increases in the amplitude of the potentiated beats up to maximum twitch tension. As a matter of fact, with pauses of 10 seconds or less, these potentiations were even somewhat less at 10.0 than at 5.0 mM [Ca 2+ ]o. The maximum potentiations at 5.0 and 10.0 mM [Ca 2 +] o were virtually indistinguishable with values of 13.20 and 13.08 g/mm 2 , respectively. It is noteworthy, however, that to achieve peak potentiation at 10.0 mM [Ca 2+ ] 0 the pause duration had to be selected to last 30 seconds as compared with a maximum of 10 seconds at 5.0 mM [Ca 2+ ] o .
Another interesting finding was that potentiation remained close to maximum even when the RPP pause duration has been lengthened to as long as 60 seconds. Thus, it appears that increases in [Ca 2+ ] o beyond 5 mM could delay SR Ca 2+ releasability. Furthermore, under the conditions of this study, the restitution curve with earliest F^^-can be achieved at 5.0 mM [Ca 2+ ] 0 with an RPP pause duration of 6-10 seconds.
Effect of ryanodine on restitution curves. Figure 8 is the summary of experiments performed in six muscles at 0.98 SL^ and 5.0 mM [Ca 2+ ] o . Before ryanodine, the control steady-state twitch force averaged 6.80±2.35 g/mm 2 . The RPP maneuver with a 1-second pause caused a potentiation to 9.68±1.95 g/mm 2 . With RPP maneuvers using 6and 10-second pauses, the potentiated forces averaged 11.54±1.58 and 11.62±1.71 g/mm 2 , respectively. Lengthening of the RPP pause to 20 and 30 seconds led to potentiated forces of 11.40±1.64 and 11.25 g/mm 2 , respectively. After 60 minutes of exposure to ryanodine, the restitution curve was reexamined. Now, the control steady-state twitch 
FIGURE 6. Graphs showing abbreviation of time to peak tension in maximally potentiated beats after ryanodine.
Panel A: Steady-state twitch force before ryanodine (C) and after ryanodine (CR). Panel B: Equipotent beats obtained before ryanodine (2) and after ryanodine (PC R ). Note the abbreviation of the time to peak tension and the increased rate of rise of force in PCR. IML, initial muscle length; 5L maD maximum central-segment length. See text for details. was 1.39±0.63 g/mm 2 . RPP maneuvers with a 6and 10 -second pause duration had little or no potentiation and averaged 14% above steady state at 6 seconds and were nonexistent at 10 seconds. In contrast, RPP maneuvers at 1 and 2 seconds caused potentiations to 7.74±0.93 g/mm 2 and to 6. g/mm 2 , respectively. These experiments indicate that large potentiations can be evoked after ryanodine provided that they are examined early in the time course of restitution.
Before ryanodine the percent increase in force between the steady-state control at 6.80±2.35 g/ mm 2 and the potentiated contraction at 9.68±1.95 g/mm 2 evoked with the 1-second RPP maneuver averaged some 70%. However, this increase augmented to 460% after ryanodine (i.e., from 1.39±0.63 g/mm 2 to 7.74±0.93 g/mm 2 ). The force increase elicited by the 1-second RPP maneuver was significantly larger (p<0.0001) after ryanodine than before ryanodine. This considerable increase in force together with the previously demonstrated increment in MRTR suggests that ryanodine could indeed facilitate the rate of SR Ca 2+ release.
As expected at 12 beats/min, raising the [Ca 2+ ] 0 from 5 to 20 mM in four of these six muscles had only a minor effect on the steady-state control force (increase from 1.41±0.36 to 1.79±0.51 g/mm 2 ). It did, however, significantly (p< 0.001) augment the potentiation elicited with the RPP maneuver using a 1-second pause from 7.86±0.81 to 9.17±0.60 g/ mm 2 . From these observations we can infer that ryanodine does not impair SR Ca 2+ loading but rather enhances SR calcium depletion during the twitch and between beats also.
Effect of Ryanodine on Tetanic Plateau Forces
Brief tetanic episodes were evoked 2 hours after exposure to 5 pM ryanodine in six muscles length- ] 0 to 10 mM was an essential prerequisite to achieve peak tetanic forces ( Figure  9 ). Further increases in [Ca 2+ ] o to 15 and 20 mM did not further increase the maximum amplitude of the tetanic forces. In each of these six muscles, maximum tetanic force was obtained when the bursts of rapid pacing were applied at 2.3-2.7 Hz and a stimulus duration of 40-60 msec. Under these conditions the average peak tetanic force was 10.85+1.77 g/mm 2 (i.e., 12% less than maximum RPP-evoked twitch tension). There was no significant difference (p<0 A 63) between 12.35±1.80 and 10.85±1.77 g/mm 2 . Figures 9 and 10 are character-istic examples of such experiments demonstrating that with the onset of rapid pacing there are small force fluctuations that rapidly increase over the ensuing six to 12 stimuli. In a few experiments, the increments in force fluctuations were steadily progressive. However, in the majority of experiments the transition from minor to rather large, often alternating, force fluctuations occurred abruptly. The average change in amplitude of these tetanic force fluctuations was 1.95±0.90 g/mm 2 . When the frequency of rapid pacing was elevated to 3.6 Hz or more, the force fluctuations were reduced to less than 300 mg/mm 2 , but in each of these experiments it also decreased the peak tetanic force to an average of 9.25±0.85 g/mm 2 (Figure 10 ) (i.e., 25% less than maximum RPP-evoked twitch tension). The difference between 12.35 ±1.80 and 9.25+0.85 g/mm 2 was significant (p<0.01). Relaxation from peak tetanic forces was usually interrupted by a . Tracings showing effect of increments in rate of rapidpacing on tetanic forces after ryanodine. The same muscle as in Figure 9 was used, but the tetanic plateau forces^were-achievsa^wWrfaster pacing rates (3.3 Hz in panel A and 3.6 Hz in panel B). Note that the relaxation is not interrupted by a spontaneous contraction (aftercontraction) and that the first beat after resumption of normal pacing (*) is less potentiated than,in Figure 9 . The Upper channel represents the stimuli (St) . See text for details.
spontaneous contraction of variable amplitude, and the first, and often second, paced beat after resumption of the regular pacing rate at 12 beats/min was potentiated (Figures 9 and 10) . The ensuing beats, however, were regularly weaker than the control steady-state beats, and it took six to 14 more beats to progressively return to control. Relaxation from tetanic forces obtained with rapid pacing at 3.6 Hz or more was not interrupted by aftercontractions, and there was consistently less potentiation of the first beat that resumed the regular pacing ( Figure 10 ).
Discussion
This study has shown that under the conditions of these experiments (length-clamped at 0.98 S L^, 25° C, 12 stimuli/min, and 5 mM [Ca 2+ ] o ) right ventricular ferret papillary muscles develop steadystate forces that amount to 50-70% of the maximum twitch force these muscles can generate. 29 As expected from the work of others, 1 -6 -1113 -15 -17 exposure to 5 fjM ryanodine had a profound steadily progressive negative inotropic effect that is consistent with a diminished availability of cytosolic activator Ca 2+ . The new steady state was attained within 60 minutes, and by that time, the forces developed averaged but 10-15% F^, which is remarkably similar to that of a recent report. 40 Because there were no further significant decreases in contractile force over the ensuing hour and because even a doubling of the ryanodine concentration did not produce any more negative inotropic changes, we conclude that large amounts of ryanodine cannot decrease the available cytosolic Ca 2+ below the threshold of activation of the contractile proteins. If, as has often been suggested, ryanodine pharmacologically excises the SR, 4 > U it would have to follow that sufficient activator Ca 2+ from another source, presumably from the extracellular compartment, can directly be made available to elicit twitches that develop at least 1-2 g/mm 2 of force. The recent report that the intracellular Ca 2+ concentration transients remaining in the presence of ryanodine and verapamil may arise from Ca 2+ entering the cell via the Na-Ca exchanger 41 supports, at least in part, this viewpoint. Although some direct activation via transsarcolemmal Ca 2+ influx is plausible, an alternative explanation is that ryanodine does not completely eliminate the SR contribution to activator Ca 2+ . This assertion is supported by two recent findings indicating that there may be ryanodineresistant SR Ca 2+ -release channels, at least in skeletal muscle SR, 13 and that there is more than one class of ryanodine binding sites in cardiac muscle SR. 42 This assertion is also strongly supported by the findings of this study, discussed below, of the potentiated contractions after ryanodine.
In mammalian ventricular muscle, a steady decline in force accompanies long periods of quiescence. 31 -37 -39 This is probably due to a progressive depletion of the SR Ca 2+ stores. 31 -38 During rest, it is assumed that the Ca 2+ that steadily leaks into the cytosol is extruded into the extracellular space by either or both the sarcolemmal Na + -Ca 2+ exchanger and the Ca 2+ -ATPase pump. According to this concept, the rested-state twitch 31 -38 is the mechanical response that is evoked when the SR contribution to activator Ca 2+ has been reduced to a minimum. 31 -3 -8^9 Since in our experiments the rested-state contractions that were determined either in the presence or absence of ryanodine were indistinguishable but always significantly weaker than any of the steady-state twitches after ryanodine, we conclude that even 10 ^.M of the drug did not abolish SR function and that there is still an SR contribution to activator Ca 2+ when ryanodine exerts its maximum negative inotropic effect.
The present study also confirms our previous observation that it is possible with an RPP maneuver to evoke maximum twitch tension, an equivalent of Foux, in intact length-clamped papillary muscles. 29 Implicit in this statement is that, at 5 mM [Ca 2+ ] o , the RPP maneuver causes enough transsarcolemmal Ca 2+ entry to allow optimal SR Ca 2+ loading. The finding that changes in the RPP pause duration greatly influence the magnitude of the potentiation indicates that time is a critical factor, especially when measurements of maximum twitch tension are intended. To examine the nature of the influence of time, restitution curves were determined in a manner similar though not identical to that of other workers. 30 " 35 In our study, the first point of the restitution curve corresponds to the potentiation evoked after the shortest pause duration elapsing between the last RPP stimulus and the first stimulus interrupting the pause with a beat that begins its contraction from a fully relaxed condition. Fully relaxed implies that the potentiated beat has a resting tension that is identical to that of the control beats that precede the RPP maneuver and by inference that cytosolic activator calcium is at or below the threshold concentration required to activate the contractile proteins. Therefore, it is reasonabale to assume that there was always enough time for SR calcium loading to be complete at each point of every restitution curve. Since all experiments were designed to provide restitution curves up to the maximum twitch tension, this latter point was used for meaningful normalization. Under the conditions of our experiments, the shortest pause duration was 800 msec whereas pauses of 6-10 seconds and even 30 seconds were needed to elicit maximum twitch potentiation. Although maximum twitch potentiation could not be achieved at 1.25 mM [Ca 2+ ] o regardless of which pause duration was selected, it was always obtained at higher [Ca 2+ ] o . Thus, it is not possible with the present maneuver to saturate the myofilaments when the [Ca 2+ ] o is 1.25 mM. The demonstration that much longer pause durations were required to achieve the same maximum calcium activated force at 10 than at 5 mM [Ca 2+ ] 0 is consistent with the idea of delayed activation of inactivated SR Ca 2+ channels 43 or of a slower transfer of Ca 2+ from the SR uptake sites to SR release sites. 34 We favor the former interpretation and believe that this delay may be due to spontaneous diastolic SR Ca 2+ release, 44 -4 * which typically is more pronounced at elevated cell Ca 2+ loading. 42 Since both frequency and magnitude of spontaneous diastolic SR Ca 2+ release diminish with time, 46 it follows that the higher the [Ca 2+ ] 0 , hence the larger the SR calcium loading, the longer the period of rest that will be required for reactivation of the spontaneously inactivated SR Ca 2+ gates. The same underlying mechanism of calcium overload could explain why the potentiated forces of the ascending limb of the restitution curve are consistently lower at 10 than at 5 mM [Ca 2+ ] 0 .
As suggested by others, 34 we believe that these restitution curves reflect the property of the SR Ca 2+ to become gradually more releasable. 32 -34 -43 Whether the underlying assumption considers that the SR Ca 2+ is transferred from an uptake site to a release compartment 32 -34 -43 or whether Ca 2+ release is considered to be a function of a greater probability of activation with time of inactivated SR Ca 2+ channels 43 is not critical to the interpretation of any of our results whether obtained in the presence or absence of ryanodine. However, and as evidenced by the characteristic shape of these restitution curves, it is important to recognize how predictable and to what extent time, that is, the interstimulus interval, changes the contractility of a given preparation. Whereas to determine F^, the selection of the proper time interval is an absolute prerequisite, this time factor had only a negligible influence in all our previous studies because we routinely examine and compare mechanical events that are evoked at 5-second intervals, so that restitution is virtually complete.
Inspection of the restitution curves obtained 1 hour after ryanodine demonstrates that RPP maneuvers cannot evoke any potentiation when the pause durations are chosen to last 6 seconds or more. In contrast, large potentiations are regularly elicited with RPP maneuvers using a 1-second pause. If anything, ryanodine facilitates transsarcolemmal Ca 2+ entry, 47 and it is well known that this drug does not affect the Ca 2+ sensitivity of the myofUaments nor their maximal Ca 2+ -activated force. 23 Exposure to ryanodine for 60 minutes has a profound depressant effect on the steady-state contraction. Therefore, it is all the more impressive that the magnitude of the 1-second-pause RPP potentiation is at least six times larger after ryanodine than before ryanodine. This in itself does not imply that ryanodine has a positive inotropic effect but rather that the RPP maneuver is able to replenish the SR Ca 2+ stores in spite of the fact that these stores are virtually emptied duringthe steady state. Thisx)bservation suggests that SR Ca 2+ uptake might even be increased as previously suggested. 24 Raising the [Ca 2+ ] 0 even up to 20 mM had only a minor stimulatory effect on the postryanodine steady-state control twitches. It did, however, virtually restore the 1-second-pause RPP potentiation to its absolute preryanodine level. It has long been known that Ca 2+ antagonizes the negative inotropic effect of ryanodine. 48 Our data, however, indicate that the magnitude of this antagonism is largely dependent on frequency. Hence, increases in [Ca 2+ ] o no matter how large (up to 20 mM) will have little stimulatory effects on a fully ryanodinized muscle when the interstimulus interval is 5 seconds or more. In contrast, raising [Ca 2+ ] o will, in the same muscles, significantly increase contractility if the interstimulus interval is reduced to 1 second.
It is widely accepted that the SR is essential to the physiological mechanism of potentiation. 30 -35 Since after ryanodine 1-second RPP potentiations are preserved, it follows that ryanodine did not prevent cither SR Ca 2+ loading nor SR Ca 2+ release. In fact, the finding that the 1-second RPP potentiation can almost fully be restored to its absolute preryanodine level supports the viewpoint that the SR can be loaded to approximately the same level as before ryanodine pretreatment and that SR Ca 2+ release cannot have been significantly impeded in these 1-second RPP potentiations. Furthermore, the demonstration that ryanodine causes a progressive loss of potentiation is in accord with several other reports indicating that ryanodine enhances SR Ca 2+ loss. 13 -15 -24 - 25 From our restitution curves we also can infer, as have other workers, 14 that postryanodine SR Ca 2+ depletion is extremely rapid since half of peak potentiation is dissipated within a few seconds. Taken together these studies indicate that rapid SR Ca 2+ leak, presumably due to a block of the SR Ca 2+ release channels in the open position, 13 is the predominant mechanism responsible for the negative inotropic effect of ryanodine. This conclusion is further strengthened by the demonstration that in potentiated equipotent beats the time to peak tension is briefer and the MRTR is larger after ryanodine than before ryanodine. These findings are compatible with a faster rate of systolic appearance of cytosolic Ca 2+ and consistent with a quicker SR Ca 2+ release. To explain this positive inotropic response, we can consider the following. Ryanodine promotes excessive SR Ca 2+ leakage in diastole through an abnormal number of open Ca 2+ release channels. As a consequence, one can expect a rise in free cytosolic Ca 2+ . 17 Since large potentiations are readily elicited early after SR Ca 2+ loading, we can conclude that there must be an appreciable number of dosed SR Ca 2+ release channels in diastole that are ready to be opened on depolarization. Thus, the potentiated contractions open more channels and begin their contractions from a higher resting cytosolic Ca 2+ that in turn may well increase the rate of release of SR Ca 2+ through the positive feedback of the Ca 2+ -induced Ca 2+ release. 43 Also, if the SR is loaded with Ca 2+ as is the case just after the RPP, then the increased number of open SR Ca 2+ release channels will increase the rate of Ca 2+ release during the early part of the twitch.
The reason the latency period and time to peak force are^rolonged in the ryanodinized steady-state beats is that even though more SR Ca 2 * release channels are open in the ryanodinized muscle, the interstimulus interval is so long that only a small amount of calcium remains in the SR at the time of the stimulus. As shown by other workers, 49 tetanus can be achieved when these ryanodinized papillary muscles are paced at 3.6 Hz or more. However, the amplitude of these tetanic plateau forces is considerably smaller (some 25%) than the maximum twitch tension evoked with the RPP maneuver before ryanodine. Furthermore, RPP-induced maximum twitch tension requires 5 mM [Ca 2+ ] o whereas, and as previously noted, 49 peak amplitude of steady activation after ryanodine can only be achieved when [Ca 2+ ] 0 is elevated to 10 mM or more. If the ryanodinized muscles are paced at much lower frequencies (2.3-2.7 Hz), tetany is achieved, albeit with fluctuating forces, with peak developed forces being 12% below the RPP-evoked maximum twitch tension. A plausible explanation for the large tetanic force fluctuation may relate to the previously demonstrated residual SR function that still persists after ryanodine. Thus, tetanic force fluctuation could well reflect SR uptake and release whereas the frequent occurrence of aftercontractions shortly after cessation of rapid pacing can probably be ascribed to spontaneous SR Ca* + release resulting from transient Ca 2+ overload. 44 -46 
